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Available online 4 March 2016MicroRNAs (miRNAs) are conserved, small non-coding endogenous RNAs, which are typically 21–24 nucleotides
in length and play a pivotal role in post transcriptional gene regulation either by translational repression or cleav-
age. The regulation of target genes by miRNA has a central role in plant growth and development as well as in
stress condition; however, only a few reports on coffee miRNA functions have been published. In the present
study, we report the computational identiﬁcation of miRNAs and their targets from expressed sequence tags
(ESTs) and genome survey sequences (GSSs) of Coffea arabica as well as functionally annotated the target
genes based on Gene ontology terms (GO). By following stringent ﬁltering criteria, a total of 20 new potential
miRNAs belonging to 13 different miRNA families (miR393, miR390, miR397, miR482, miR2118, miR414,
miR1879, miR1134, miR1110, miR533, miR5809, miR426 and miR5212) were identiﬁed through homology
search. The psRNATarget server predicted 142 potential target genes for 17miRNAs and their probable functions
were illustrated. Most of the predicted target genes encoded transcription factors and genes involved in plant
growth and development, signal transduction, metabolism, defense and stress responses. The result from this
study will shed light on understanding the functions of miRNAs in C. arabica.
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TAS31. Introduction
MicroRNAs (miRNAs) are a class of small non-coding RNAs of 20–24
nucleotides in length, endogenously expressed and act as negative reg-
ulators of target genes. MiRNAs in plant were ﬁrst reported from
Arabidopsis thaliana in early 2002 (Reinhart et al., 2002). Plant miRNA
genes that exist in introns as well as exons are transcribed by RNA poly-
merase II to primary miRNA transcripts (pri-miRNAs) that contain cap
structure as well as poly(A) tail, which are subsequently processed to
form stem loop structures. Mature miRNAs are produced from these
precursor miRNAs by the endoribonuclease III-like enzyme, dicer-like-
1 (DCL1) and exported to the cytosol via HASTY5. In the cytosol, thema-
ture miRNAs are incorporated into an argonaute (AGO) containing
RNA-induced silencing complex (RISC) that interacts with the comple-
mentary sites of the target gene transcript. The miRNAs mediate gene
regulation through a phenomenon known as Post Transcriptional
Gene Regulation (PTGS) that relies on sequence based interaction
with target mRNAs and results in degradation of target transcript or at-
tenuation of translation (Bartel, 2004; Voinnet, 2009)..
This is an open access article under thPlant encodes other small non-coding RNAs such as small interfering
RNAs (siRNAs), transacting siRNAs (ta-siRNAs) and they all differ from
miRNAs on the basis of the following features: 1) allmiRNAs are encoded
byMIR genes and subsequently form pre-miRNAswhich are exported to
the cytoplasm. 2) All pre-miRNAs can form the characteristic stem-loop
structure with high negative minimal folding free energy (MFE). 3) All
miRNAs possess a miRNA* sequence (a complementary sequence on
the opposite site of the stem-loop). Plant miRNAs show a high degree
of perfect or near perfect complementarity with their targets. The identi-
ﬁcation of target genes is an important step for determining the biologi-
cal function of miRNAs (Rhoades et al., 2002). Multiple miRNAs may
control the expression of a single gene or a single miRNA may be in-
volved in regulating the expression of multiple genes (Dehury et al.,
2013). Therefore, the identiﬁcation of target is fundamental for function-
al analysis of miRNAs. Plant miRNAs have been implicated in various de-
velopmental processes such as leaf morphogenesis, ﬂoral organ
development, ﬂowering time, organ polarity, shoot and root develop-
ment, vascular development, vegetative phase change and seed develop-
ment (Zhang et al., 2006a, Yang et al., 2007, Rubio-Somoza andWeigel,
2011). They are also involved in gene regulation during different abiotic
stress conditions of the plant such as drought, cold, heat, salinity, chilling,
oxidative, nutrient deﬁciency, hypoxia, UV-B radiation as well as during
biotic stress from bacterial pathogenesis, fungal, viral infection (Zhange CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Rajwanshi et al., 2014). Some plant miRNAs have also been reported to
be involved in the regulation of genes such as DCL1 and AGO1 known
to play an important role in biogenesis of small RNA as well as in
directing siRNA biogenesis (ta-siRNAs) (Yang et al., 2007).
The mature miRNA sequences are highly conserved across the plant
kingdom (Zhang et al., 2006b). This conservation of sequences has pro-
vided a powerful tool for the identiﬁcation of novel miRNA genes
through comparative genomics based approach. Homology search
based on evolutionary conservation has lead to the identiﬁcation of
miRNA families from various plant species whose whole genome se-
quence is not available. Apart from homology search using Basic Local
Alignment Search Tool (BLASTn), another criteria which is considered
for miRNA identiﬁcation is the secondary hairpin loop structure of the
pre-miRNA sequence. Expressed Sequence Tags (ESTs) and Genome
Survey Sequences (GSSs) provide an alternative powerful data source
for plants whose complete genome is not yet available. A large number
of miRNAs have been identiﬁed in plants by computational and experi-
mental approaches which include high throughput techniques such as
direct cloning and deep sequencing. ESTs and GSSs analysis with the
aid of high throughput bioinformatics tools have efﬁciently predicted
miRNA with a high degree of accuracy from various plant species in-
cluding many important agricultural crop species such as wheat (Yao
et al., 2007), tomato (Yin et al., 2008), soybean (Zhang et al., 2008), po-
tato (Zhang et al., 2009b), maize (Zhang et al., 2009a), barley
(Colaiacovo et al., 2010), Solanaceae (Kim et al., 2011), cotton (Wang
et al., 2012), sorghum (Katiyar et al., 2012), prairie sunﬂower (Sahu
et al., 2013), garlic (Panda et al., 2014).
The genus Coffea belongs to the family Rubiaceae and is a woody pe-
rennial eudicotyledons. This genus contains about 100 species butCoffea
arabica and Coffea canephora are two most economically important and
widely cultivated species across 80 countries in four continents, Brazil
being the leading coffee producing country in the world. C. arabica is
an allotetraploid (2n = 4× = 44) formed by natural hybridization be-
tween ancestors C. canephora and Coffea eugenioides that took place
10,000 years ago (Lashermes et al., 1999). The expression of these two
sub-genomes comprises the transcriptome of C. arabica (Vidal et al.,
2010). C. arabica is one of themost important agricultural commodities
by contributing 70% ofworldwide production owing to its ﬂavor, aroma,
and stimulating effects of caffeine. The aromatic compositions of coffee
is extremely complex due to thermal reactions during the roasting pro-
cess and generates many of the volatile and non-volatile compounds,
and are therefore not present in green beans of coffee (Flament,
2001). However, terpenic compounds that play an important role in
plant primary and secondary metabolism survive the thermal reactions
and are detected in green beans of coffee (Terra et al., 2013). The pre-
dominant monoterpenes in C. arabica ﬂowers are geranial, linalool,
nerol and the minor ones are limonene, myrcene, β-ocimene
terpinolene and alpha terpineol (Emura et al., 1997). The development
and production of coffee in different countries are affected by environ-
mental factors such as drought, salinity and heat aswell as biotic factors
namely infection of coffee leaves by the fungus Hemileia vastatrix that
causes coffee leaf rust, a major disease in coffee (Ganesh et al., 2006;
DaMatta and Ramalho, 2006; Lima et al., 2013). Drought conditions af-
fect coffee production by hampering the development of ﬂowers, coffee
bean and even cause plant death if the drought period is severe. A thor-
ough study on miRNAs and their target genes function in coffee could
provide new insight into the mechanism of coffee development, meta-
bolic processes, and response to various abiotic and biotic stresses. The
large numbers of ESTs andGSSs of C. arabica provide a good opportunity
for predicting novel miRNA and their respective target genes. 17,4275
EST and 3,757 GSS are available in theNational Centre for Biotechnology
Information (NCBI) for C. arabica. There are a total of 5,939 plant
miRNAs deposited in the public miRNA database (miRBase, release
19) including many economically important crop species. However,
no miRNA has been deposited in miRBase for the genus Coffea whichincludes C. arabica despite its economic importance. Considering the
economic importance of coffee, we used an EST and GSS based compar-
ative approach for the identiﬁcation and characterization of conserved
miRNAs and their putative target genes. The target genes of the newly
predicted miRNAs were functionally annotated based on gene ontology
(GO) terms: molecular function, biological processes, and cellular com-
ponent. Furthermore, the pathways involved by the target genes were
investigated using KASS (KEGG Automatic Annotation Server). Al-
though a few miRNAs have been computationally identiﬁed from
C. arabica ESTs (Rebijith et al., 2013; Akter et al., 2013; Guilherme
et al., 2014), the present study aimed towards the mining of additional
novel miRNAs from ESTs and GSSs as well as performed an extensive
analysis of the target genes.
2. Materials and methods
2.1. Reference set of miRNAs and sequence database
A total of previously identiﬁed 5939 plant mature miRNA sequences
from Viridiplantae group were retrieved from the miRNA database
miRBase (http://www.mirbase.org/) (Release 19: November 2012;
Grifﬁths-Jones, 2004; Grifﬁths-Jones et al., 2008). The mature miRNAs
were duplicated andmade non-redundant in order to avoid overlapping
of miRNAs. These unique sequences were deﬁned as the reference se-
quence set and used for identifyingmiRNAs in coffee ESTs andGSSs. Pub-
licly available coffee 17,4275 EST and 3757 GSS (as of January 1, 2013)
were downloaded from National Centre for Biotechnology Information
(NCBI) (www.ncbi.nlm.nih.gov/). Local database for standalone BLAST
were constructed for coffee ESTs andGSSs by usingmakeblastdb applica-
tion. Non-redundant protein database was downloaded from NCBI.
2.2. Computational resources
For homology searches BLAST-2.2.27+program (Altschul et al., 1990;
Camacho et al., 2009) was downloaded from the NCBI ftp site (ftp://ftp.
ncbi.nih.gov/) and locally installed. Secondary structure analysis of
miRNA precursors was performed by online version of MFOLD (http://
mfold.rna.albany.edu/?q=mfold/RNA-Folding-Form) (Zuker, 2003).
psRNATarget: a plant small RNA Target Analysis Server was used for
predicting the targets of the newly identiﬁed miRNA (http://plantgrn.
noble.org/psRNATarget/) (Dai and Zhao, 2011). Phylogenetic analyses of
pre-miRNAs were carried out using web based ClustalW (Thompson
et al., 1994) andMEGA version 6.0. GeneOntology (GO) terms for the tar-
get genes were assigned using AmiGO version 1.8 and KASS (KEGG Auto-
matic Annotation Server) (http://www.genome.jp.tools/kaas/) (Ogata
et al., 1999; Carbon et al., 2009) was employed for pathway analyses.
2.3. Prediction of potential C. arabica miRNAs
PrecursormiRNA sequence identiﬁcationwas carried out using com-
parative genome based homolog search and secondary structure analy-
sis as described by Zhang et al. (2006b, c; 2007). Mature miRNA
sequences were used for BLASTn search as they are evolutionarily high-
ly conserved than their precursor sequences. The non-redundant
miRNA reference sequence data were subjected to BLASTn searche for
coffee homolog of miRNA against the locally prepared coffee EST and
GSS databases. The initial BLAST search was performed with the pro-
gram of BLAST-2.2.27+, that was locally installed. The identiﬁcation of
homolog sequences were based on the following parameter: expect
values at 10; low complexity chosen as the sequence ﬁlter, the default
word-match size between the query and database sequences kept at
7. Hits of EST/GSS sequences having 0–2 mismatches and whose
matched region with miRNA contains at least 18 nucleotides were cho-
sen to be potent miRNA precursor candidates. The selected ESTs and
GSSs were compared for similarity against each other to remove redun-
dant sequences. The ﬁltered sequences were further subjected to
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moving the protein coding sequences and retaining the non- protein
coding sequences.
The identiﬁed precursor sequences from the ESTs and GSSs were
used for the prediction of hairpin loop secondary structures, another
important factor apart from sequence conservation to be a potent
miRNA candidate. The secondary structures of the remaining EST and
GSS sequences were predicted using a web-based computational
program, MFOLD with the following parameters: linear RNA sequence;
folding temperature ﬁxed at 37 °C; ionic conditions of 1MNaCl without
divalent ions; percent sub-optimality number of 5; maximum interior/
bulge loop size of 30; energy dot plot turned on and all other parameters
were set at default values. The EST and GSS sequences fulﬁlling the fol-
lowing criteria as described by Zhang et al. (2006b) were considered as
a potentialmiRNA precursors: pre-miRNA sequence can fold into an ap-
propriate hairpin secondary structurewith thematuremiRNA sequence
residing on one of its stem arm; no loop or break in the miRNA or
miRNA⁎; no more than 6 mismatches between the predicted mature
miRNA and the miRNA⁎ sequence; 30–70% contents of A + U and the
predicted secondary structure possesses a high negative MFE and min-
imal folding free energy index (MFEI).
ΔG values (−kcal/mol) of stem-loop structures generated by
MFOLD program were applied to calculate their negative MFEs, which
is directly correlated with the sequence length. Adjusted minimal fold-
ing free energy (AMFE) is deﬁned as theMFE of a 100 nucleotide length
and can be calculated by the formulae AMFE= [MFE / length of precur-
sor sequence (LP)] × 100.
The MFEI for each sequence was calculated as described by Zhang
et al. (2006b) by the formulae MFEI = AMFE / (G + C) %. All theFig. 1. Flowchart for prediction of miRNA and theiMFOLD output were recorded in an excel ﬁle which included EST or
GSS ID, length of precursor, (G + C) %, (A + U) %, MFE, AMFE, and
MFEI values. The nucleotide compositions of the precursor sequences
were calculated.
2.4. Prediction of miRNA targets
To predict the targets of identiﬁed miRNAs, homology algorithm
strategy was applied. The predicted C. arabica miRNAs were used as
query against EST sequences of C. arabica, A. thaliana DFCI Gene Index
(AGI), and The Arabidopsis Information Resource (TAIR) transcript re-
moved miRNA gene to predict targets using psRNATarget with the fol-
lowing parameters: maximum expectation value at 3; length for
complementary scoring as 19; target accessibility-allowed energy to
unpair the target site (UPE) as 25; ﬂanking length around target site
for target accessibility analysis (17 bp upstream and 13 bp down-
stream); 9–11nt is the range of centralmismatch thatwill lead to trans-
lational inhibition; maximum mismatch at complementary site ≤4
without any gaps.
2.5. Phylogenetic analysis of newly identiﬁed coffee miRNAs
NCBI Standalone BLAST tool was employed for homology search of
the newly predicted mature miRNAs against all plant miRNAs by
allowing a maximum mismatch of 3 and e-value of b0.001. The corre-
sponding precursor sequences of the homologous miRNAs were identi-
ﬁed and retrieved frommiRBase. The precursors of the newly identiﬁed
miRNAs along with the collected precursors from other plant species
were subjected to multiple sequence alignment using web basedr targets from ESTs and GSSs of Coffea arabica.
Table 1
List of 20 newly predicted miRNA from coffee ESTs and GSSs by comparative genomics and secondary structure analysis.
miRNA EST/GSS ID LE LP LM NM Loc strand (A + U)% (G + C)% MFE AFME MFEI
car-miR393* GW432396 534 151 22 0 5′ + 62.2 37.7 55.3 36.6 0.97
car-miR393b GW432396 534 151 21 0 5′ + 62.2 37.7 55.3 36.6 0.97
car-miR393b-3p GW432396 534 151 20 0 3′ + 62.2 37.7 55.3 36.6 0.97
car-miR393d GW432396 534 151 22 0 5′ + 62.2 37.7 55.3 36.6 0.97
car-miR854d GW438532 649 135 18 2 5′ − 42.63 55.03 60.6 44.8 0.77
car-miR1134 EG702329 324 107 21 2 5′ + 33.64 23.55 25.2 66.35 0.70
car-miR5809 GW454016 438 104 20 2 3′ + 31.73 68.26 51.7 49.71 0.72
car-miR482d GW443948 402 118 22 2 5′ + 50.84 49.15 67.6 57.28 1.165
car-miR397b GT716079 362 84 18 1 3′ + 54.76 45.23 26 30.95 0.68
car-miR426 GW459110 711 96 18 1 3′ + 52.08 47.91 31 32.29 0.67
car-miR1879 GW466885 680 145 21 2 5′ + 60 40 35.4 24.41 0.61
car-miR414 GT677142 604 97 20 2 5′ − 53.6 46.3 27.4 28.2 0.60
car-miR390a-3p GW445903 472 128 19 0 3′ + 54.68 45.31 64.4 50.31 1.11
car-miR390b* GW445903 472 128 21 0 5′ + 54.68 45.31 64.4 50.31 1.11
car-miR390d-3p GW445903 472 128 20 1 3′ + 54.68 45.31 64.4 50.31 1.11
car-miR390e GW445903 472 128 19 0 5 + 54.68 45.31 64.4 50.31 1.11
car-miR1110 GT693786 584 102 18 1 3′ − 43.1 56.8 39.6 38.8 0.68
car-miR533a-5p GW475066 740 166 19 2 5′ + 55.42 44.57 48.1 28.97 0.64
car-miR2118e GW443948 402 118 19 1 3′ + 50.84 49.15 67.6 57.28 1.165
car-miR5212 ED796316 (GSS) 971 194 20 2 5′ + 50.8 62.3 37.6 26.1 0.70
LE — length of EST/GSS, LP— length of precursor, LM — length of mature miRNA, NM— number of mismatches, Loc— location of mature miRNA on stem loop structure, strand-sense or
antisense nature of strand,MFE—minimal folding free energy, AMFE— adjustedminimal folding free energy,MFEI—minimal folding free energy index. * represents themiRNAs thatwere
also reported in previous studies.
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version 6.0 (Tamura et al., 2011). Phylogenetic tree was constructed
to illustrate the evolutionary relationships among the members of the
family by using maximum likelihood method based on Kimura 2-
parameter substitution model (Kimura, 1980).
2.6. Functional annotations of target genes
The putative functions of the identiﬁed target genes for coffee
miRNA were assigned by performing BLASTx search against non-Fig. 2. Predicted miRNAs distributed for (a) length (nucleotide), (b) minimal folding free ene
energy index (MFEI). The range of MFEI is 0.61–1.65 (d) A + U content. The range is 31.73–62redundant database of NCBI with an e-value of 1e−10. AmiGO (version
1.8) (http://www.amigo.geneontology.org) was employed to charac-
terize the identiﬁed target genes and categorize them in terms ofmolec-
ular functions, biological processes and cellular components. Finally, the
metabolic pathways and their networks regulated by the potential
miRNAs were searched through KAAS (KEGG Automatic Annotation
Server) (http://www.genome.jp.tools/kaas/). KASS assigns KEGG
Orthology (KO) terms and generates KEGGpathways for themiRNA tar-
get genes which thus functionally annotates through BLAST search
against manually curated KEGG gene database.rgy (MFE). The MFE ranges from−26 to−67.6 kcal mol−1 and (c) minimal folding free
.2%.
Table 2
Homolog of coffee miRNAs, mature miRNA sequences and features of the precursor miRNA sequences.
miRNA Homolog miRNA Mature miRNA sequence Distribution of nucleotide in the precursor miRNA sequences
A% U% G% C% A/U G/C
car-miR393 csi-miR393 AUCCAAAGGGAUCGCAUUGAUC 29.1 33.11 19.2 18.54 0.87 1.03
car-miR393b cme-miR393b UCCAAAGGGAUCGCAUUGAUC 29.1 33.11 19.2 18.54 0.87 1.03
car-miR393b-3p ptc-miR393b-3p AUCAUGCUAUCCCUUUGGAU 29.1 33.11 19.2 18.54 0.87 1.03
car-miR393d gma-miR393d UCCAAAGGGAUCGCAUUGAUCC 29.1 33.11 19.2 18.54 0.87 1.03
car-miR854d ath-miR854d GAGGAGGGGGAGGAGGAG 19.37 23.25 26.56 18.75 0.83 1.41
car-miR1134 tae-miR1134 AAGAAGAAGAAGAAGAAGAAG 31.7 34.5 24.2 9.3 0.91 2.6
car-miR5809 osa-miR5809 UCGUCGCCGGCGACCACAGC 15.3 15.88 32.7 33.6 0.96 0.97
car-miR482d pde-miR482d CCUUUCCCAGGCCUCCCAUGCC 22.8 27.96 27.9 21.1 0.81 1.32
car-miR397b bna-miR397b UGGGUGCAGCGUUGAUGU 21.4 33.33 26.19 19.04 0.64 1.37
car-miR426 osa-miR426 UUUUGGAAGUUGGUCCUU 22.9 29.16 27.08 20.83 0.78 1.3
car-miR1879 osa-miR1879 GUAUGGUUUAGGGAUGAUGU 28.2 31.72 23.44 16.55 0.88 1.41
car-miR414 Ppt-miR414 UCAUCCUCAUCAUCCUCAUC 22.6 30.92 19.8 26.8 0.73 0.73
car-miR390a-3p gma-miR390a-3p CGCUAUCCAUCCUGAGUUU 22.6 32.03 26.56 18.75 0.70 1.41
car-miR390b cme-miR390b AAGCUCAGGAGGGAUAGCGCC 22.6 32.03 26.56 18.75 0.70 1.41
car-miR390d-3p ptc-miR390d-3p CGCUAUCCAUCCUGAGUUUUA 22.6 32.03 26.56 18.75 0.70 1.41
car-miR390e gma-miR390e AGCUCAGGAGGGAUAGCGCC 22.6 32.03 26.56 18.75 0.70 1.41
car-miR1110 smo-miR1110 AGGGGCAGUGGGCAAGGA 17.6 25.49 21.56 35.2 0.69 0.61
car-miR533a-5p ppt-miR533a-3p GCUGGCCAGGCUCUGAAGG 20.6 35.54 24.09 20.48 0.73 1.17
car-miR2118e osa-miR2118e UUCCCAGGCCUCCCAUGCC 22.8 27.96 27.9 21.1 0.81 1.32
car-miR5212 mtr-miR5212 UGGAUUUCGUAUUUCUUUGG 29.3 32.98 19.07 18.5 0.88 1.03
Table 3
Statistical analysis of the characterized parameters of C. arabicamiRNA precursors.
Parameter Mean Average Standard deviation Minimal Maximal
MFE (−kcal/mol) 55.3 49.83 14.89 25.2 67.6
AMFE (−kcal/mol) 37.7 41.64 11.84 24.41 66.35
MFEI 0.88 0.87 0.2 0.6 1.16
Length (nt) 128 129.1 27.18 84 194
(A + U)% 54.68 52.34 8.72 31.73 62.2
(G + C)% 45.31 46.01 9.74 23.55 68.26
A% 22.7 24.06 4.46 15.3 31.7
U% 32.03 30.46 4.58 15.88 35.54
C% 25.19 24.17 3.92 19.07 32.7
G% 18.75 20.52 5.64 9.3 35.2
A/U 0.81 0.79 0.09 0.64 0.96
G/C 1.31 1.25 0.39 0.61 2.6
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3.1. Mining of coffee miRNAs from ESTs and GSSs
The conserved nature of mature miRNA sequence has greatly facili-
tated the identiﬁcation of miRNAs by using ESTs and GSSs from species
whose whole genome sequence is unknown (Dezulian et al., 2006). In
the present study, comparative genome based approach was used to
identify conserved miRNAs from C. arabica (Fig. 1).
A total of 3231 non-redundant uniquemiRNA sequences were taken
as reference set for identiﬁcation of conserved miRNAs from C. arabica
ESTs and GSSs. The reference query set was locally BLAST against
17,4275 ESTs and 3,757 GSSs, respectively by adjusting the e value to
10 and window size to 7. Locally installed BLASTn search predicted a
total of 325 EST and 37 GSS candidate sequences which showed homol-
ogy with the Viridiplantae mature miRNA reference set and the same
were further subjected to BLASTn against each other to obtain non-
redundant reference set. These predicted putative miRNA sequences
were subjected to BLASTx search against NCBI non-redundant protein
database to eliminate sequences with protein coding potential. The re-
maining candidate miRNA precursor sequences (44 from ESTs and 2
from GSSs) were analyzed for its ability to adopt a stem-loop hairpin
structure using MFOLD software. After strictly following the criteria
(as mentioned in the Materials and methods section), a total of 20 po-
tential miRNAs (19 from EST and 1 from GSS) of coffee were predicted
which shared a high degree of sequence identity with the known
Viridiplantae mature miRNA (Table 1).
3.2. Sequence characteristics of miRNAs in coffee
The newly identiﬁed 20 potential miRNAs (car-miR393, car-
miR393b, car-miR393d, car-miR393b-3p, car-miR390a, car-miR390b,
car-miR390d-3p, car-miR390e, car-miR482d, car-miR2118e, car-
miR397b, car-miR533, car-miR854d, car-miR426, car-miR1879, car-
miR5809, car-miR414, car-miR1134 and car-miR1110 from ESTs and
car-miR5122 from GSS) belong to 13 different miRNA families. Multiple
memberswere identiﬁed formiR390 andmiR393 familywhereas for the
remaining 11 miRNA family (miR482, miR2118, miR397, miR533,
miR854, miR426, miR5809, miR414, miR1879, miR1110 and miR5122)
one member from each was identiﬁed in the present study.
MiRNA research on coffee is far behind other plant species. So far no
miRNA has been deposited in the miRNA repository bank miRBAse(release 21) which proves that miRNA identiﬁcation from coffee is lag-
ging behindother plant species. Recent studies carried out by Akter et al.
(2013) and Rebijith et al. (2013) reported a total of 1 and 18miRNAs re-
spectively, from C. arabica ESTs using computational approaches. In the
present study, 20 potential miRNAs were successfully identiﬁed from
C. arabica ESTs and GSSs, as well as an in depth analysis was performed
on the functional properties of the miRNA target genes. The results ob-
tained from this study have been compared with those reported by
Akter et al. (2013) and Rebijith et al. (2013) where miRNAs and their
targets have been computationally identiﬁed from C. arabica ESTs.
Akter et al. (2013) identiﬁed car-miR393 from C. arabica EST using
989 mature sequences from Arabidopsis and Oryza sativa as queries
whereas in the present studywe reported an additional 19miRNAs hav-
ing high MFEI by using all the miRNAs deposited in the miRBase as
queries. The increase in number of identiﬁed miRNAs may be ascribed
to the use of 3231 miRNAs belonging to different plant species of
Viridiplantae kingdom. In addition to the already reported car-
miR393, three other members of miR393 family were identiﬁed from
EST (GW432396) in the present study. Among the 18 miRNAs reported
by Rebijith et al. (2013) from ESTs of C. arabica, one of them (car-
miR390b) overlaps with the present ﬁnding having MFEI of 1.11. The
analysis of contigs from C. arabica by Guilherme et al. (2014) identiﬁed
13 miRNAs which includes miR393 and miR390a, were also simulta-
neously identiﬁed in the present study from C. arabica ESTs. miR393
and miR390a that were identiﬁed in the present study had also a high
MFEI value of 0.97 and 1.11. Three miRNAs (miR482a, b and c) of
miR482 familywere reported from C. arabica contigs, a sequence variant
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ﬁed in the present study (Guilherme et al., 2014). Jones-Rhoades et al.
(2006) reported that 21 miRNA families are conserved between mono-
cot and dicot plants. The present study identiﬁed members of miR393,
miR390 and miR397 that are among the 21 conserved miRNA families.
Previous studies show that homologs of car-miR426 (Wang et al.,
2004; Jones-Rhoades et al., 2006), car-miR414 (Wang et al., 2004;Fig. 3. Predicted stem-loop hairpin secondary structures newly identiﬁed potential miRNAs in
secondary stem loop hairpin structure is highlighted in orange. The length of the precursor m
miRNAs (a) car-miR482d, (b) car-miR390b, (c) car-miR393b-3p, (d) car-miR414, (e) car-mi
miR393d, (k) car-miR2118e, (l) car-miR390a-3p, (m) car-miR390e, (n) car-miR397b, (o) c
(t) car-miR533a-5p.Guleria and Yadav, 2011), car-miR1134 (Colaiacovo et al., 2010; Yao
et al., 2007), car-miR854d (Arteaga-Vazquez et al., 2006; Garcia-Mas
et al., 2012), car-miR482d (Zhang et al., 2009a; Wan et al., 2012), and
car-miR2118e (Johnson et al., 2009; Wong et al., 2011) are present in
both dicot and monocot plants, while homolog of car-miR5212 (Eyles
et al., 2013) has been reported in dicot whereas the homolog of car-
miR5809 (Jeong et al., 2011) and car-miR1879 (Zhu et al., 2008) hascoffee that are generated by MFOLD. The mature miRNAs located in either 5′ or 3′ of the
ay be slightly shorter or longer than the one shown in the ﬁgure. Secondary structure of
R390d-3p, (f) car-miR393b, (g) car-miR1134, (h) car-miR5212, (i) car-miR393, (j) car-
ar-miR1879, (p) car-miR854d, (q) car-miR5809, (r) car-miR1110, (s) car-miR426 and
Fig. 3 (continued).
36 K.J. Devi et al. / Plant Gene 6 (2016) 30–42been reported in monocot plants. Homolog of car-miR1110was report-
ed only in lycophyte while car-miR533a-5p homolog was reported in
lower land plants (Axtell et al., 2007; Arazi et al., 2005).
These newly identiﬁed miRNAs have characteristics that are similar
to miRNAs of other plant species in terms of the length of their mature
as well as precursor sequence, the distribution of nucleotide and the
MFEI value. The length of the mature miRNAs ranges from 18 to 22 nt
(Fig. 2a), which is consistent with previously reported miRNAs in
Asiatic cotton (Wang et al., 2012), switch grass (Xie et al., 2010), barley
(Colaiacovo et al., 2010) and maize (Zhang et al., 2009a). Furthermore,
the length of the pre-miRNA varied from 84 to 194 nt, similar to those
reported in Arabidopsis (Sunkar and Zhu, 2004), maize (Zhang et al.,
2009a) and Brassica napus (Xie et al., 2007). The MFE generated by
MFOLD determines the stability of the perfect or near-perfect stem
loop hairpin structure of the pre-miRNAs and hence is considered as
one of the important factor for differentiating miRNAs from other cod-
ing and non-coding RNAs. Previous studies have shown that the pre-
miRNAs have negative lower MFE that reﬂects the thermodynamic sta-
bility of hairpin loop structure as compared to other non-coding RNAs.
All newly predicted coffee miRNA precursors have low negative MFE
ranging from−25.2 to−67.6 kcal mol−1 (Fig. 2b) with an average of
49.83. The AFME of the newly identiﬁed pre-miRNAs varied from
−24.41 to−66.35 kcal/mol. The newly predicted miRNAs had an aver-
age MFEI of 0.87, signiﬁcantly higher than that of mRNAs (0.62–0.66),
tRNAs (0.64) and rRNAs (0.59) which suggest that these newly identi-
ﬁed precursors in coffee are likely to be true miRNAs as proposed by
Zhang et al. (2006d). The range ofMFEI for the newly predictedmiRNAs
is shown in Fig. 2c.
The distribution of the four types of nucleotide Adenine (A), Uracil
(U), Guanine (G) and Cytosine (C) in the pre-miRNA is also an impor-
tant factor for stabilization of the RNA secondary structure as well as
an indicator of species evolution. The newly identiﬁed pre-miRNA se-
quences showed an uneven distribution in the nucleotide composition
(Supple. 1, Table 2). The average content of A, U, G, and C in the pre-
miRNAs are 24.06, 30.46. 24.17, and 20.52 respectively, with U contentbeing the highest (Table 3). It was also observed that a majority of the
identiﬁed pre-miRNAs (18 out of 20) contained more than 25% of U,
in agreement with previous studies carried out in Asiatic cotton
(Wang et al., 2012), soybean (Zhang et al., 2008). The newly predicted
pre-miRNAswere analyzed for their A+U content and the range varied
from 31.73% to 62.2% (Fig. 2d)with an average of 52.48%, comparatively
higher than G + C content with an average of 46.01%. In this study, the
A/U and G/C ratio were also calculated and the precursors had an aver-
age values of 0.79 and 1.25 respectively, while the expected ratio in a
fully double stranded RNA would be 1. This result is consistent with re-
ports in soybean (Zhang et al., 2008) which suggests that more of G and
U existed in the pre-miRNA sequences as identiﬁed in the present study.
The (A+ U) % content of the identiﬁed pre-miRNA sequences also falls
in the acceptable range of 30–70% asmentioned in the criteria for selec-
tion of potential miRNA. The (A + U) content of coffee pre-miRNA
ranges from31.73–62.2% (Fig. 2d). The statistics of the characterized pa-
rameters of C. arabicamiRNA precursor sequences are shown in Table 3.
The newly predicted maturemiRNA sequences are appropriately lo-
cated on the stem-arm of the secondary stem-loop hairpin structure of
the precursor sequences (Fig. 3). The mature miRNAs were located ei-
ther in the 5′ or 3′ arm of the hairpin loop secondary structure, where
55% of the identiﬁed miRNAs were located in the 5′ arm and 45% in
the 3′ arm. The strand nature of the newly identiﬁedmature miRNA se-
quences was also analyzed to explore if it was transcribed from sense or
an antisense strand (Stark et al., 2008). A majority (85%) of the identi-
ﬁed miRNA were obtained from plus strand and remaining 15% from
minus strand. Some ESTs (GW432396, GW445903) have matched to
more than one miRNA belonging to the same family which may be
due to the high degree of sequence similarity between different mem-
bers of the same family or ESTs matched to different family of miRNA
(GW443948) which could represent multi-miRNA based control, as re-
ported in studies carried out in barley (Colaiacovo et al., 2010), Jatropa
curcas (Vishwakarma and Jadeja, 2013). It is estimated that in a set of
10,000 ESTs of plants, the probability of prediction of miRNA is one
(Zhang et al., 2006b). In the present study, 20 miRNAs were predicted
Table 4
Targets for the newly predicted miRNAs from coffee EST sequences, TAIR and AGI.
miRNA Target accession ID Target protein GO annotation KEGG pathway
Biological process Molecular function Cellular component
car-miR414 Importin-7 homolog GT000391(EST) mRNA export from
nucleus
GO: 0005515 protein binding; GO: 0008565
protein transporter activity
GO: 0005634 nucleus; GO: 0005623 cell No hits
DEAD-box ATP dependent RNA helicase CB253677 Pyrimidine
ribonucleotide
biosynthetic process
GO: 0008026 ATP-dependent helicase
activity
GO: 0009507 chloroplast No hits
Nucleosome assembly protein 1 TC404590 Nucleosome assembly GO: 00042393 histone binding; GO:
0005515 protein binding
GO: 005634 nucleus No hits
AP2-like ethylene responsive transcription
factor
BP651495 Response to heat GO: 0003677 DNA binding; GO: 0003700
sequence-speciﬁc DNA binding
transcription factor activity
GO: 0005634 nucleus; GO: 0005737
cytoplasm
No hits
Flowering locus C (FCL) TC371374 Flower development GO: 0003677 DNA binding GO: 0005634 nucleus No hits
Transcription factor MYB DR749634 Regulation of
transcription, DNA
templated
GO: 0003677 DNA binding activity GO: 0005634 nucleus No hits
Ubiquitin protein ligase TC358157 Protein ubiquitination GO: 0004842 ubiquitin–protein transferase
activity
GO: 0005634 nucleus; GO: 0000151
ubiquitin ligase complex
K10592: ubiquitin mediated proteolysis
High mobility group (HMG-box) AT5G23405.2 Regulation of
transcription
GO: 003677 DNA binding GO: 005634 nucleus No hits
car-miR397b Zinc transporter 4 GT717203
(EST)
Cation transport GO: 0005385 zinc ion transmembrane
transporter activity
GO: 0005886 plasma membrane No hits
Laccase-2 TC365081 Lignin catabolic process
oxidation–reduction
process
GO: 0005507 copper ion binding GO: 005576 extracelluar region; GO:
0048046 apoplast
No hits
Brassinosteroid signaling positive regulator
(BZR1) family protein
AT1G19350.4 Brassinosteroid mediated
signaling pathway
GO: 0003700 sequence speciﬁc DNA
binding transcription factor activity
GO: 0005634 nucleus; GO: 0005829
cytoplasm; GO: 0005737 cytoplasm
K04075: plant hormone signal transduction
Citrate synthase 2 AT3G58750.1 Cellular carbohydrate
metabolic process
GO: 0004108 citrate synthase activity GO: 005777 peroxisome K01647: carbon metabolism
Phosphofructokinase family protein AT1G20950.1 Photosynthesis No hits No hits K00051: fructose and mannose metabolism
car-miR393b
car-miR393d
car-miR393
Auxin signaling F-box 3(AFB3) AT1G12820.1 Signal transduction GO: 0010011 auxin binding; GO: 0000822
inositol hexakisphosphate binding
GO: 0005634 nucleus; GO: 0019005 SCF
ubiquitin complex
No hits
car-miR393d
car-miR393
car-miR393b
Auxin signaling F-box 2 (AFB2) AT3G26810.1 Signal transduction, GO: 0010011 auxin binding; GO: 0000822
inositol hexakisphosphate binding
GO: 0005634 nucleus; GO: 0019005 SCF
ubiquitin complex
No hits
GT675197
(EST)
car-miR393b
car-miR393d
car-miR393
TIR1 /F-box/RNI-like superfamily protein AT3G62980.1 Auxin activated signaling GO: 0010011 auxin binding; GO: 0000822
inositol hexakisphosphate binding
GO: 0005634 nucleus; GO: 0019005 SCF
ubiquitin complex; GO: 0005634 nucleus;
GO: 0019005 SCF ubiquitin complex
K04075: plant hormone signal transduction
GR986128
(EST)
car-miR393b
car-miR393d
car-miR393
GRR1-like protein 1 AT4G03190.1 Response to auxin signal
transduction
GO: 0010011 auxin binding; GO: 0000822
inositol hexakisphosphate binding
GO: 0005634 nucleus; GO: 0019005 SCF
ubiquitin complex
No hits
car-miR393b
car-miR393d
Basic helix–loop–helix (bHLH) DNA-binding
superfamily protein
AT3G23690.1 Regulation of
transcription, DNA
templated
GO: 0003677 DNA binding GO: 0005634 nucleus No hits
car-miR393b
car-miR393d
WRKY33, WRKY DNA-binding protein 33 AT2G38470.1 Response to stress GO: 0003677 DNA binding GO: 0005634 nucleus K04626: plant–pathogen interaction
GW488002
(EST)
car-miR393 Myrcene/ocimene synthase TC364560 Biosynthetic process,
response to wounding
GO: 0050551 myrcene synthase activity GO: 0009507 chloroplast K00902: monoterpenoid biosynthesis
car-miR482d LRR receptor-like serine/threonine-protein
kinase
GW451268
(EST)
GO: 0016301 kinase activity GO: 0005886 plasma membrane No hits
Pectin lyase-like superfamily protein AT5G14650.1 Carbohydrate metabolic
process
GO: 0004650 polygalacturonase activity GO: 0005576 extracellular region K01184: pentose and glucoronate
interconversion, starch and sucrose
metabolism, metabolic pathways
RPP13 | NB-ARC domain-containing disease
resistance protein
AT3G46530.1 Defense response No hits GO: 0005737 cytoplasm; GO: 0005634
nucleus; GO: 0005886 plasma membrane
No hits
Sulﬁte exporter TauE/SafE family protein AT4G21250.1 Protein targeting to
membrane
No hits GO: 0009507 chloroplast
(continued on next page) 37
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Table 4 (continued)
miRNA Target accession ID Target protein GO annotation KEGG pathway
Biological process Molecular function Cellular component
car-miR390b
car-miR390e
Trans-acting small RNAs AT3G17185.2 No hits No hits No hits No hits
car-miR390b Protein kinase superfamily AT5G03640.1 Protein phosphorylation GO: 0016301 kinase activity GO: 0005634 nucleus No hits
car-miR390d-3p Chlorophyll a–b binding protein GR996212
(EST)
Photosynthesis GO: 0016168 chlorophyll binding; GO:
0046872 metal ion binding
GO: 0030076 light-harvesting complex K08908 (ko00196 photosynthesis —
antenna proteins)
car-miR1879 Polygalacturonase-like protein TC364851 Carbohydrate metabolic
process
GO: 0004650 polygalacturonase activity GO: 0005567 extracellular region; GO:
0005634 nucleus
K01184: starch and sucrose metabolism
Pectin lyase-like superfamily protein AT3G06770.1 Carbohydrate metabolic
process
GO: 0004650 polygalacturonase activity GO: 0005567 extracellular region; GO:
0005634 nucleus
K01184: pentose and glucoronate
interconversion, starch and sucrose
metabolism, metabolic pathways
Histone methyltransferases (H3-K4
speciﬁc); histone methyltransferases
(H3-K36 speciﬁc)
AT1G77300.2 Histone methylation GO: 0018024 histone-lysine
N-methyltransferase activity
GO: 0000775 chromosome, centromeric
region; GO: 0005634 nucleus
No hits
car-miR2118e Aldose 1-epimerase GT701212
(EST)
Hexose metabolic
process
GO: 0030246 carbohydrate binding GO: 0005737 cytoplasm K01785 (ko00010
glycolysis/gluconeogenesis; ko00052
galactose metabolism
RPP13 | NB-ARC domain-containing disease
resistance protein
AT3G46530.1 Defense response No hits GO: 0005737 cytoplasm; GO: 0005634
nucleus; GO: 0005886 plasma membrane
No hits
Pectin lyase-like superfamily protein AT5G14650.1 Carbohydrate metabolic
process
GO: 0004650 polygalacturonase activity GO: 0005576 extracellular region K01184: pentose and glucoronate
interconversion, starch and sucrose
metabolism, metabolic pathways
car-miR1134 Cytochrome P450 GW438158
(EST)
Oxidation–reduction
process
GO: 0019825 oxygen binding GO: 0016021 integral component of
membrane
No hits
Phytochrome A supressor spa1 TC358567 Photomorphogenesis GO: 0005515 protein binding GO: 0005634 nucleus K04712: circadian rhythm
Glutamate receptor 3.4 precursor TC359074 Response to stress GO: 0008066 glutamate receptor activity GO: 0005886 plasma membrane No hits
Cytrochrome C1 family AT5G40810.2 Photorespiration GO: 0045153 electron transporter,
transferring electrons within
CoQH2-cytochrome c reductase complex
activity
GO: 0005750 mitochondrial respiratory
chain complex III; GO: 0005739
mitochondrion
K00413: oxidative phosphorylation
AGO7 argonaute family protein AT1G69440.1 Gene silencing GO: 0003723 RNA binding GO: 0005737 cytoplasm No hits
LHY-homeodomain-like superfamily AT1G01060.2 Response to stress GO: 0003700 sequence-speciﬁc DNA
binding transcription factor activity; GO:
0003677 DNA binding
GO: 0005634 nucleus K04712: circadian rhythm
Basic-leucine zipper(bZIP) transcription
factor family protein
AT1G06070.1 Response to xenobiotic
stimulus
GO: 0003700 sequence-speciﬁc DNA
binding transcription factor activity
GO: 0005634 nucleus No hits
MYB77 AT3G50060.1 Regulation of
transcription
GO: 0003700 sequence-speciﬁc DNA
binding transcription factor activity; GO:
0003677 DNA binding
GO: 0005634 nucleus No hits
TCP family transcription factor AT5G08330.1 Jasmonic acid mediated
signaling pathway
GO: 0003700 sequence-speciﬁc DNA
binding transcription factor
GO: 0005634 nucleus K04712: circadian rhythm
Alpha-beta hydrolase superfamily protein AT2G24280.1 Glucosinolate
biosynthetic process
GO: 0004185 serine-type carboxypeptidase GO: 0009507 chloroplast No hits
car-miR5809 DNAJ protein P58IPK homolog GW464718
(EST)
Response to endoplasmic
reticulum stress
No hits Plasma membrane, GO: 000588
endoplasmic reticulum lumen
K09523 (ko04141 protein processing in
endoplasmic reticulum)
car-miR854d Ethylene-responsive transcription factor GW492211
(EST)
Ethylene-activated
signaling pathway
GO: 0003700 sequence-speciﬁc DNA
binding transcription factor activity; GO:
00003677 DNA binding
GO: 0005634 nucleus No hits
car-miR533a-5p Translationally-controlled tumor protein
homolog
GR986146
(EST)
Regulation of cell growth GO: 0008017 microtublue binding GO: 005829 cytosol No hits
car-miR5212 Phytochrome A supressor spa1 TC358567 Photomorphogenesis GO: 0005515 protein binding; GO: 0004871
signal transducer activity
GO: 0005634 nucleus K04712: circadian rhythm
SRPK1 TC365683 Protein phosphorylation GO: 0004672 protein kinase activity GO: 0005634 nucleus
Serine/threonine protein phosphatase TC402196 Protein
dephosphorylation
GO: 0008601 protein phosphatase type 2A
regulator activity; GO: 0000166 nucleotide
binding
GO: 0005737 cytoplasm No hits
Terpene cyclase/synthase NP224039 Sesquiterpenoid
biosynthetic process
GO: 0009975 cyclase activity GO: 0009507 chloroplast No hits
Alpha-barbatene synthase TC365588 Sesquiterpenoid
biosynthetic process
GO: 0010333 terpene synthase activity GO: 0009507 chloroplast No hits
Pumilio (PUM23) AT1G72320.1 Auxin homeostasis GO: 00003723 RNA binding Nucleolus No hits
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Fig. 4. Phylogenetic analysis of newly predicted pre-miRNA sequences along with their closely related miRNA families (a) miR393, (b) miR390 and (c) miR397.
39K.J. Devi et al. / Plant Gene 6 (2016) 30–42from 17,4275 ESTs, with about 1.06 miRNA per 10,000 ESTs whereas in
GSS the value was found to be 2.26 which is much higher than the ex-
pected value of 1.0. These results prove that computational approach
might be an efﬁcient way to identify miRNAs.
3.3. Potential target genes for the newly identiﬁed miRNAs
Previous studies have shown thatmiRNAs regulate the gene expres-
sion of their target through perfect or near perfect complimentarity and
initiates cleavage or translation inhibition. Plant miRNAs show high de-
gree of complementarity to their targetmRNAs and this has allowed the
prediction of potential miRNA-regulated genes (Rhoades et al., 2002).
To better understand the biological functions of the newly identiﬁed
coffee miRNAs, psRNATarget server with default parameters against
coffee ESTs AGI, and TAIR databases was employed to search the puta-
tive target genes (Fig. 1). EST sequences were used for prediction of tar-
get genes apart from predicting potential miRNAs. Analysis of ESTs for
prediction of potential target genes revealed a total of 32 target genes
for 14 newly identiﬁed miRNAs (car-miR390, car-miR390d-3p, car-
miR393, car-miR393d, car-miR393b-3p, car-miR397b, car-miR426,
car-miR414, car-miR482d, car-miR2118e, car-miR854d, car-miR1134,
car-miR5809 and car-miR533a-5p) that are involved in various physio-
logical processes of the plant. AFB2, TIR1, and WRKY as a target for
miR393 family have been identiﬁed from EST sequences of coffee as
well as from AGI database. Newly identiﬁed miRNA belonging to car-
miR390 family targets chlorophyll a–b binding protein, auxin induced
protein, LRR receptor-like serine/threonine protein kinase that are in-
volved in photosynthesis, auxin activated signaling pathway and signal
transduction, respectively. car-miR414 was found to target import in 7homologs that are involved in export of mRNA from the nucleus.
Genes involved in mRNA binding, oxygen binding, water channel activ-
ity and metal ion binding were identiﬁed as targets of car-miR1134.
Transcription factors such as ethylene responsive transcription factor
and homeobox leucine zipper are identiﬁed to be the targets of car-
miR854d. The target genes of the newly identiﬁed miRNAs along with
their molecular functions are shown in Supple. 2.
Since limited gene sequences are available for coffee, AGI and TAIR
databases were used as query for the newly identiﬁed miRNAs to fur-
ther broaden the knowledge on miRNA-target interaction. A total of
110 putative target genes from AGI and TAIR databases were identiﬁed
for 14 newly predictedmiRNAs belonging to 9 different miRNA families
(Supple. 3). The number of targets for the miRNA family varied and
functional redundancy among the miRNA family members as well as
between different miRNA families also existed, as shown in Table 4.
car-miR110 did not show any complimentarity with the target genes
available in ESTs, AGI and TAIR. car-miR414 showed the highest number
of targets followed by car- miR1134, car-miR5212, car-miR393 family
(car-miR393, car-miR393d, car-miR393b and car-miR393b-3p), car-
miR390 family (car-miR390b, car-miR390e and car-miR390d-3p), car-
miR1879, car-miR397b, car-miR482d and car-miR2118e. One miRNA
can target multiple mRNAs and hence a great number of target genes
were identiﬁed. Functional redundancy of miRNA family can be ob-
served in miR393 and miR390 families.
Newly identiﬁed coffeemiR393 family targets a number of auxin sig-
naling genes such as AFB2, auxin signaling F-box3 (AFB3), transport in-
hibitor response 1(TIR1) which confers speciﬁcity to Skip/Cullin F-box
(SCF) ubiquitin ligase complex and glucose repression-resistant
(GRR1)-like protein 1. The homeostasis of auxin signaling involving
40 K.J. Devi et al. / Plant Gene 6 (2016) 30–42miR393 is important for innate immunity (Navarro et al., 2006), plant
development and stress responses. In addition, miR393 family (car-
miR393b and car-miR393d) is shown to regulate the expression
WRKY and basic helix–loop–helix (bHLH) that are sequence speciﬁc
transcription factors, which is in agreement with studies carried out in
Arabidopsis (Jones–Rhoades and Bartel, 2004).Majority of the identiﬁed
miRNAs target protein coding primary transcripts, however some
miRNAs also target non-protein coding transcripts. In consistency with
previous reports in plant species such as Arabidopsis (Allen et al.,
2005), Physcomitrella patens (Cho et al., 2012), Cucurbit pepo and Cucur-
bit lanatus var. lanatus (Jagadeeswaran et al., 2012), the miR390 family
(car-miR390b and car-miR390e) in coffee guides the cleavage of non-
coding transcripts of TAS3 leading to the formation of Ta-siRNAs. The ac-
tivity of Auxin Response Factor (ARF) members ARF2, ARF3 and ARF4
are repressed by miR390 dependent TAS3 siRNAs thereby regulating
lateral root growth, leaf patterning and developmental timing of plant
(Fahlgren et al., 2006; Elena et al., 2010). Therefore, miR390 mediated
cleavage of TAS3 is important for the biogenesis of biologically active
TAS-derived ta-siRNAs. The other targets of miR390 are protein kinase
family and RNA helicase family protein that function during protein
phosphorylation and helicase activity, respectively. Previous studies
have shown that miR482 family has 22 nucleotide rather than 21 and
exhibit sequence variability when compared to other miRNA families
(Shivaprasad et al., 2012). A novel 22 nucleotide long miRNA, car-
miR482d belonging to the family miR482 and homolog of pde-
miR482d (Wan et al., 2012) was predicted in the present study. Genes
encoding disease resistance protein which contain the nucleotide-
binding ARC (ARC after the mammalian Apaf-1 protein, R for resistance
and Ced-4) (NB-ARC) domain also called as nucleotide-binding site
(NBS) domains were identiﬁed as target of coffee car-miR428d and
car-miR2118e. The involvement of miR482/miR2118 super family in
defense response has been validated in diverse plant species (Zhai
et al., 2011;Wan et al., 2012), where they potentially regulate the activ-
ity of NBS-leucine rich repeat (NBS-LRR) disease resistance genes. car-
miR2118e and car-miR482d also function in carbohydrate metabolism
of plant by targeting the mRNA of polygalacturonase like protein. The
miRNA car-miR397b plays a role in copper homeostasis aswell as lignin
metabolismby targeting themRNA encoding laccase2 (LAC2)whichbe-
longs to the blue copper oxidase family. Studies on C. arabica subjected
to heat stress have shown to cause a modiﬁcation in cell wall composi-
tion of leaves which also includes the increase in content of monolignol
(Lima et al., 2013). Monolignol polymerization to lignin requires
laccase, a target of car-miR397b thereby suggesting the possible role
of miR397b during heat stress in coffee. The laccase gene as a target
for miR397b has been reported in plants species like Arabidopsis and
B. napus (Abdel-Ghany and Pilon, 2008; Xu et al., 2012). The target for
car-miR397b also includes root meristem growth factor, ammonium
transporter, and plant invertase and protein kinase family protein.
A majority of targets identiﬁed for car-miR1134 are transcription
factors such as C2H2 zinc ﬁnger, myoblastosis (MYB77), late elongated
hypocotyls (LHY)-homeodomain-like superfamily, teosinte branched 1-
cycloidea-PCF (TCP). A striking target for car-miR1134 is AGO7which is
an important component of RISC involved inmiRNAbiogenesis. Similar-
ly, car-miR414 targets transcription factors such as high mobility group
box (HMG-box), C2H2 zinc ﬁnger, MYB77, TCP, ﬂowering locus C (FCL)
that are involved in plant growth, development and response to stress.
Apart from transcription factors, the targets of car-miR414 are
nucleosome assembly protein (NAP), cysteine/histidine rich family pro-
tein, ubiquitin protein ligase, calmodulin 4 and heavy metal transport/
detoxiﬁcation super family protein that are involved in nucleosome as-
sembly, oxidation–reduction process, protein ubiquitination, calcium
ion binding and heavy metal transport, respectively. It is previously re-
ported as well as validated that miR414 targets the DEAD box ATP de-
pendent helicases in both Arabidopsis and rice and confers tolerance to
salt stress (Wang et al., 2004, Macovei and Tuteja, 2012). This study
demonstrated that car-miR414 is perfectly complementary to NAPwhich is a fundamental protein in eukaryotic chromatin, and is in
agreement with earlier reports in Arabidopsis and Glycine max
(Wang et al., 2004; Zhang et al., 2008). In the present study, car-
miR1879 is shown to translationally inhibit the expression of its
complementary mRNA that encodes proteins for chlorophyll a-–b
binding protein and histone-lysine N-methyltransferase whereas the
expression of polygalacturonase like protein is inhibited by cleavage
of its mRNA.
From GSS, one novel miRNA, car-miR5212 was predicted which is a
homolog of Medicago truncutula mtr-miR5212 (Denvers et al., 2011).
Further studies have shown that apart from mtr-miR5212 there are no
reports of miRNA from other plant species. psRNATartget server pre-
dicted a total of 12 targets for car-miR5212 which includes phyto-
chrome suppressor A, terpenoid cylcase, pumilio 23 (PUM23), protein
kinase family. No targets could be predicted from coffee ESTs for car-
miR5212 which may be due to the limited gene sequences available
for coffee. The present study is in consent with the previous reports in
diverse plant species that have shown that coffee miRNAs are involved
in a wide range of regulatory network which is critical for the plant
growth, development and sustainability in the different environmental
conditions (Table 4).
3.4. Phylogenetic analysis of predicted miRNAs
To understand the relationship between the identiﬁed coffeemiRNA
precursorswith that of othermembers of the same family, ClustalWwas
used to performmultiple sequence alignment (Supple. 4) and their evo-
lutionary relationships were established using maximum-likelihood
method in MEGA 6 (Fig. 4, Supple. 1). The result showed high degree
of sequence similarity between the precursors of the predicted miRNAs
and other members of the same family. The similarity between precur-
sors of car-miR393 and other miR393 member was in the range of 40–
55%. The phylogenetic tree of miR393 family has shown that car-
miR393b, car-miR393b-3p, car-miR393, and car-miR393d are closely
related with gma-miR393d of G. max and csi-miR393 of Citrus sinensis
(Fig. 4a). The predicted precursor of car-miR390 has shown similarity
as well as evolutionary relationship with other previously reported
miRNAs of the plant species Cucumis melo (cme-miR390b), G. max
(gma-miR390d) (Fig. 4b). The similarity percentage between precursor
coffee miR390 family and other plant species precursor ranges from 35
to 55%. The precursor of car-miR397b also showed a high level of se-
quence similarity with precursors of nta-miR397b of Nicotinia tobacum,
bna-miR397b of B. napus, sly-miR397 of Solanum lycopersicum and pab-
miR397 of Picea abieswith values of 69.05%, 61.9%, 61.9% and 66.48%, re-
spectively. The phylogenetic tree of miR397 family has shown that bna-
miR397b from B. napus and pab-miR397 from P. abies has close evolu-
tionary relationship with car-miR397b (Fig. 4c). As depicted in the phy-
logenetic tree, the evolutionary relationship of C. arabicamiRNAs with
other plant species were different.
3.5. Functional annotation and pathway analysis of miRNA target genes
Functional annotation of the predicted miRNA target genes were
performed using GO term analysis to better understand the functions
of the predicted coffeemiRNAs. A total of 119 targets out of 142 putative
targets from EST, AGI and TAIR predicted by psRNATarget server
showedGO terms. The annotated geneswere functionally characterized
in accordance with GO system into three major properties: cellular
component, biological process, and molecular function (Supple. 2; Sup-
ple. 5). Based on biological process, the target genes identiﬁed from EST,
AGI and TAIR were classiﬁed into categories which include response to
abiotic and biotic stresses, signal transduction, transcriptional regula-
tion, organ development, monoterpenoid biosynthesis, circadian
rhythm, photomorphogenesis, auxin mediated signaling, carbohydrate
metabolism, and defense response; the most over-presented GO term
is response to abiotic stress involving 22 different target genes. GO
41K.J. Devi et al. / Plant Gene 6 (2016) 30–42analysis showed that the predicted target genes are involved in 13 dif-
ferentmolecular functions such as DNA binding, protein binding, kinase
activity, auxin binding, transcription factor, ion binding, and oxidore-
ductase activity.
Pathway analysis of the target genes in coffee was performed using
KASS that annotates the miRNA target with KEGG Orthology (KO) and
pathway involved. The KEGG analysis of target genes from ESTs re-
vealed that 14 miRNAs belonging to 11 miRNA families are involved in
7 metabolic pathways (Supple. 3) whereas the predicted target genes
from AGI and TAIR targeted by 12 miRNAs belonging to 9 miRNA fami-
lies are involved in 19 metabolic pathways in plants (Supple. 5). The
miRNAs belonging to the family miR393 and miR397 targets TIR1 and
Brassinosteroid signaling positive regulator (BZRI), respectively, is in-
volved in plant hormone signal transduction pathway. The biosynthesis
of secondarymetabolites is also suggested to be regulated bymiR393 by
targeting the protein myrcene synthase. car-miR1134 and car-miR5212
targets SPA1 and thus both play a role in circadian rhythm of the plant
(Table 4).
4. Conclusion
In the present study, a total of 20 potential miRNAs with an average
MFEI of 0.87 from coffee were identiﬁed by analyzing ESTs and GSSs. A
total of 142 target genes, 32 from ESTs and 110 from AGI and TAIRwere
predicted for 17miRNAs belonging to 11 different families and their ex-
pression inhibited by either cleavage or translational repression. Major-
ity of the target genes were transcription factors that are involved in
plant growth, development, and stress response. GO annotation of the
target genes has shown the involvement of miRNAs in various abiotic
and biotic stress responses. The ﬁndings from the present study will
contribute to further understanding the role of miRNAs function and
regulatory mechanism in coffee.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.plgene.2016.03.001.
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